Red cell distribution width (RDW) is an independent predictor of the 10-year estimated risk of coronary heart disease (CHD) events. However, RDW's association with peripheral artery disease (PAD) -a CHD risk equivalent -has not been evaluated to date. In this cross-sectional study, we examined 6950 participants of the National Health and Nutrition Examination Survey, 1999-2004. PAD was defined as an ankle-brachial index below 0.9 (n = 618). RDW was divided into quartiles (Q) (Q1: ≤ 12.2; Q2: 12.3-12.5; Q3: 12.6-13.0; Q4: ≥ 13.1) and PAD risk was compared across these quartiles using adjusted multivariate logistic regression. A graded increase in prevalent PAD with increasing RDW quartiles was observed (4.2% in Q1 vs 13.9% in Q4; test of trend p < 0.001). Risk of PAD was significantly higher (odds ratio (OR) 1.19, 95% confidence interval (CI): 1.06-1.34; p = 0.003) after adjusting for age, sex, race, body mass index, hypertension, hyperlipidemia, diabetes, smoking, estimated glomerular filtration rate, C-reactive protein, hemoglobin, mean corpuscular volume, and nutritional factors (folate, iron and vitamin B 12 ) deficiencies with each unit (0.1) increase in RDW. Upon receiver-operating characteristics analysis, the predictive accuracy of the American College of Cardiology / American Heart Association (ACC/AHA)-defined PAD screening criteria (for a high-risk population) was 0.657 at best, but improved significantly (0.727) after addition of RDW (p < 0.0001). In conclusion, higher levels of RDW are independently associated with a higher risk of PAD and can significantly improve the risk prediction beyond that estimated by ACC/AHA-defined PAD screening criteria.
Introduction
Red cell distribution width (RDW) is routinely reported in automated complete blood counts (CBC) and has traditionally been used to differentiate various types of anemia. 1 The evidence associating RDW with a higher risk of mortality has been expanding since the initial report of its prognostic utility in heart failure patients. 2 RDW has also been shown to independently predict overall and cardiovascular (CV) mortality in the general population and various high-risk populations. [3] [4] [5] [6] [7] We recently reported RDW to be strongly associated with a higher 10-year estimated risk of coronary heart disease (CHD) events in a predominantly healthy, low-risk general population, free of prior history of CV events and diabetes. 8 From the data evaluating the association between RDW and mortality in heart failure patients, Felker et al. 2 suggested the possibility of RDW being an integrated marker of several underlying pathophysiological processes such as nutritional deficiencies, renal dysfunction, hepatic congestion and inflammatory stress. Subsequent research showed RDW to be strongly associated with markers of chronic subclinical inflammation, higher oxidative stress, under-nutrition, and beta-natriuretic peptide (BNP). 9, 10 Our group also demonstrated that RDW was strongly and independently associated with microalbuminuria, a marker of generalized endothelial dysfunction, in a nationally representative cohort. 11 RDW is easily measured, standardized and typically reported with complete blood count values at no additional cost; its independent predictive value for various CV events makes further research of other 'at-risk populations' for CV events imperative. Peripheral artery disease (PAD), now widely considered a CHD risk equivalent, is one such condition.
PAD is preceded by higher levels of chronic subclinical inflammation, endothelial dysfunction and oxidative stress. [12] [13] [14] There is an increasing effort to identify a novel biomarker or set of biomarkers to effectively characterize individuals with or without PAD. Markers of inflammation (C-reactive protein (CRP), interleukin-6 (IL-6), etc.), endothelial dysfunction (soluble cell adhesion molecules, von Willebrand factor, etc.) and oxidative stress (homocysteine (Hcy), isoprostanes, etc.) have been shown to be associated with PAD. 12, [15] [16] [17] To our knowledge, no prior study has explored the association between RDW and PAD. Therefore, in this crosssectional cohort of the National Health and Nutrition Examination Survey (NHANES), we sought to evaluate the association between RDW and PAD. Contingent upon the results, we further sought to compare the clinical utility of RDW in identifying those at risk of PAD apropos the currently recommended American College of Cardiology / American Heart Association (ACC/AHA) PAD screening guidelines. 18
Methods

Study population
NHANES is a cross-sectional survey of a non-institutionalized civilian cohort of nationally representative individuals. We analyzed participants of the NHANES, 1999-2004 who underwent standardized interviews, physical examination and laboratory testing along with ankle-brachial index (ABI) measurement. The study protocols for NHANES received the National Center for Health Statistics ethics/ institutional review board approval. 19 
Data collection
Data on ABI were available for a total of 7571 individuals, from which the study was conducted among participants aged 40 years of older (n = 6950), after excluding those with missing values on RDW (n = 218), those with ABI values > 1.4 (n = 70) and other study variables (n = 333). A standardized procedure protocol was followed at all study sites by trained personnel. Data were collected for demographic variables such as age, sex, and ethnicity (selfreported) and for medical co-morbidities such as hypertension (defined as blood pressure ≥ 140/90 or use of anti-hypertensive medications or physician diagnosis of hypertension) and diabetes mellitus (DM) (defined as physician diagnosis of DM, taking oral hypoglycemics or insulin for DM, or non-fasting plasma glucose ≥ 11.1 mmol/l (200 mg/dl) or fasting plasma glucose ≥ 7 mmol/l (126 mg/dl), or hemoglobin (Hgb) A1c ≥ 6.5). Data were also collected for ever smoking > 100 cigarettes during lifetime, hyperlipidemia (diagnosed by physician or serum total cholesterol ≥ 240 mg/dl or use of lipid-lowering therapy), body mass index (BMI; kg/m 2 ) (normal (BMI < 25), overweight (BMI 25-29.9), and obese (BMI ≥ 30)), and comorbidities (self-reported) such as coronary artery disease (CAD), myocardial infarction (MI), stroke, angina, anti-hypertension medication use and family history of MI. 20
Ankle-brachial index measurement PAD, as defined by ABI, was the primary outcome variable of the study. For participants with ≥ 1 arm and weight < 400 lb (181.5 kg), the systolic blood pressure (SBP) was measured using blood pressure cuffs on the right brachial artery and both posterior tibial arteries with an 8-MHz Doppler probe. Two measurements at each site were taken and averaged for participants aged 40-59 years, whereas one measurement was taken for participants aged ≥ 60 years. For those with conditions precluding measurement of the right arm, the left brachial artery SBP was taken. The ABI was calculated as the ratio of the average ankle SBP to arm SBP. 20 The lower of the two measurements was considered the ABI for the present study. PAD was defined as ABI < 0.9 and participants with an ABI greater than 1.4 were excluded.
ACC/AHA screening criteria for PAD
Current ACC/AHA guidelines recommend screening certain high-risk groups using ABI (class ІB ). Recommendations to perform ABI include those individuals aged less than 50 years with a history of diabetes and one other atherosclerosis risk factor (smoking, dyslipidemia, hypertension, or hyperhomocysteinemia); those aged between 50 and 69 years with a history of smoking or diabetes; those aged 70 years and older; those with leg symptoms upon exertion (suggestive of claudication) or ischemic rest pain; those with an abnormal lower-extremity pulse examination; and those with known atherosclerotic coronary, carotid, or renal artery disease 18 (Table 1) .
Laboratory measurements
RDW, Hgb and mean corpuscular volume (MCV) were measured using the Beckman automated Coulter counter method in combination with an automatic diluting and mixing device for sample processing, and a single-beam photometer for hemoglobinometry. 20 High-sensitivity C-reactive protein (hs-CRP) was measured using latexenhanced nephelometry, HbA1c by high-performance liquid chromatography (HPLC) and plasma Hcy by a fully automated fluorescence polarization immunoassay (FPIA; Abbott Diagnostics). 20 Serum creatinine was standardized by the following formula: 1.013*serum creatinine (mg/dl) + 0.147. The estimated glomerular filtration rate (eGFR) (categorized as eGFR ≥ 60 vs eGFR < 60) was then measured using the formula suggested by the Modification of Diet in Renal Disease study equation. 21 Iron deficiency was defined as the participants meeting at least two of the following three criteria: transferrin saturation < 15%, serum ferritin level < 12 ng/ml, and erythrocyte protoporphyrin level > 69.8 μm. 22 Additionally, a vitamin B 12 deficiency was defined as a serum B 12 level < 200 pg/dl, whereas a folic acid deficiency was defined as serum folic acid < 2.6 ng/ml or a red blood cell folate level < 102.6 ng/ml. Urine creatinine was analyzed by Jaffe reaction and urinary albumin was measured using a solid-phase fluorescent immunoassay. 20 The urine albumin-creatinine ratio (mg/g) was calculated by dividing the urinary albumin value by the urinary creatinine concentration. Microalbuminuria was defined as a urine albumin/creatinine ratio (ACR) ≥ 30 mg/g. Detailed data on the NHANES operations are available on the NHANES website (www.cdc.gov/nchs/nhanes/ nhanes_questionnaires.htm).
Statistical analysis
We analyzed RDW both as a continuous and a categorical variable (in quartiles; based on its distribution among participants without PAD). Baseline characteristics were compared across these quartiles using the chi-square test for categorical variables (%) and the analysis of variance test for continuous variables (mean ± SD). Hs-CRP and Hcy were log-transformed to normalize their distribution. The primary aim of the study was to assess whether RDW is independently associated with prevalent PAD beyond the risk factors proposed by ACC/AHA guidelines. Additionally, we sought to evaluate whether variables such as Hgb, MCV, a deficiency of nutritional factors or inflammatory markers like CRP and the presence of renal dysfunction served as confounders or effect modifiers for the association of RDW with PAD. Therefore, the following multivariable adjusted logistic regression models were generated: Model 1 -analysis of RDW and PAD adjusted for age, sex, race, BMI, hypertension, DM, hyperlipidemia, smoking, eGFR, hs-CRP, blood Hgb and MCV levels; Model 2 -adjusted for variables in Model 1 + history of CV disease, history of congestive heart failure, family history of CHD, mean platelet volume; and Model 3 -variables in Model 2 adjusted for deficiencies of serum iron, folate and vitamin B 12 (analysis excludes observations (n = 976) with missing information on above nutrients). Formal statistical analysis for the interaction between various independent variables with RDW was also performed, which was found to be statistically non-significant. A graphical plot was generated assessing the predicted probability and observed rate of prevalent PAD against RDW values. To further evaluate for the association between RDW and levels of ABI values, we performed Pearson's correlation analysis after excluding those with the missing information on nutritional factors and those with extreme RDW elevations (RDW > 17; n = 80). Upon identifying RDW to be significantly associated with prevalent PAD, we sought to evaluate whether it added to the predictive accuracy of ACC/AHA recommended criteria for pursuing work-up for PAD. Therefore, we performed receiver-operating characteristics (ROC) analysis which tests the general discriminative power of a diagnostic test using sensitivity (Se) and specificity (Sp) parameters over the whole range of testing values and also provides area under the curve (AUC) which indicates diagnostic power of the test. We compared the diagnostic accuracy of RDW for PAD risk prediction to that of ACC/ AHA-defined screening criteria. Six-year sample weights provided by the National Center for Health Statistics were used in all analyses to incorporate the complex survey design of NHANES with appropriate reflections of stratification and clustering. Statistical significance was defined as a p-value < 0.05 for the entire analysis. All analyses were performed using statistical software STATA, version 10 (STATA Corp LP, College Station, TX, USA).
Results
Significant differences were observed in baseline characteristics distribution across the RDW quartiles (Table 2 ). There was a graded increase in the proportion of patients with comorbidities such as CAD, hypertension, DM, MI, stroke and angina, and microalbuminuria with increasing quartiles of RDW (p < 0.001). Similarly, there was a graded increase in mean values for age, SBP, HbA1c, hs-CRP, Hcy and serum creatinine (p for trend < 0.001). In contradistinction, mean levels of Hgb, MCV and eGFR decreased with increasing quartiles of RDW (p for trend < 0.001). The proportion of African Americans increased and the proportion of Caucasian Americans decreased with increasing RDW quartiles (p < 0.001). Blood levels of lipids (e.g. total cholesterol and highdensity lipoprotein) exhibited a non-graded difference in mean levels across RDW quartiles. The proportion of individuals with PAD increased significantly as the RDW quartile increased (4.22% in Q1 vs 13.90% in Q4; p < 0.001) ( Table 3 ). The odds of having PAD increased by 19% with each unit (0.1) increase in RDW (95% confidence interval (CI): 1.06-1.34; p = 0.003) after adjustments shown in Model 3 (Table 3) . Similar results were obtained when RDW was evaluated in categories ( Table 3) .
The interaction term between RDW and co-variates for PAD risk prediction was found to be statistically nonsignificant (age (< 70 vs ≥ 70; p = 0.94), sex (p = 0.94), diabetes (p = 0.23), hypertension (p = 0.83), renal impairment (p = 0.052), history of atherosclerotic diseases (p = 0.27), nutritional factors deficiency (p = 0.509) and ethnicities (p > 0.05 for all)). Figure 1 shows the relationship between the predicted and observed rate for probability of PAD with increasing RDW values; as shown, there appears to be a linear relationship between the two. Similarly, Figure 2 shows the association between RDW values and ABI values as continuous variables; as shown, a statistically significant linear negative association is apparent (Pearson's rho = -0.18; p < 0.001). Figure 3A shows the results of multivariate logistic regression analysis evaluating the independent role of RDW in PAD risk prediction beyond that conferred by traditional risk factors outlined in the ACC/AHA guidelines. It is worth noting that we also performed analyses presented in Tables 1 and 2 using Hcy as a co-variate in Models 2 and 3; we did not observe any change in the strength of association between RDW and PAD upon adjustment for Hcy (data not shown). Table 1 and Figure 3B show results of the ROC analysis comparing the predictive accuracy (AUC) provided by RDW and the ACC/AHA-defined screening criteria for a high-risk population at risk of PAD (individual criteria and overall combination) alone and in combination. The overall predictive accuracy of the ACC/AHA-defined criteria (risk category E in Table 1 ) was 0.657, which improved significantly (to 0.727) after the addition of RDW. Similarly, individual risk categories for those less than 70 years of age (defined by ACC/AHA) provided poor predictive accuracy for identifying those at risk of PAD (AUC of 0.505 for category A and 0.516 for category B; Table 1 ), which improved significantly after addition of RDW to the model (AUC of 0.643 for both category A and B; p-value for improvement in AUC < 0.001) ( Table 1) . RDW improved the AUC for all the individual risk categories; although, the magnitude of increase was greater among those under the age of 70 years (Table 1) . 
Discussion
In this study, we systematically evaluated the potential association between RDW and prevalent PAD for the first time. The following conclusions may be drawn from our analysis: (1) RDW is strongly associated with PAD with a graded increase in prevalence across quartiles of increasing RDW; (2) higher RDW is associated with PAD independent of sex, DM, hypertension, and deficiency of nutritional factors; (3) RDW is independently associated with PAD in participants of all the ethnicities and participants with/without renal dysfunction, though the association was apparently stronger in African Americans, Caucasian Americans and participants without renal dysfunction; and (4) RDW significantly improved the risk prediction offered by current ACC/AHA-defined screening guidelines for a highrisk population. RDW is an emerging marker, with published data supporting its role in predicting survival in various cardiovascular conditions. [2] [3] [4] [5] [6] However, no prior study has evaluated the association between RDW and PAD in a nationally representative sample of multi-ethnic individuals. We observed an RDW ≥ 13% (Q4) to be associated with a 79% higher odds of having PAD (95% CI: 1.37-2.34; p < 0.001) after adjustments for renal function, hs-CRP and Hgb level in addition to demographic variables, co-morbidities and nutritional deficiencies. Additionally, upon stratifying the cohort based on deficiency status of nutritional factors, renal function, hypertension, diabetes, sex and ethnicity, RDW emerged as an independent predictor of PAD (Table 1) . Comparable results were reported by Patel et al. 3 and Perlstein et al. 5 who showed RDW to be associated with all-cause and cardiovascular mortality upon similar adjustments in a cohort of NHANES-ІІІ study participants. The novelty of our study findings is that we observed higher RDW to be positively associated with a higher risk of prevalent PAD in a graded manner, raising the potentially significant utility of RDW as a novel biomarker for PAD.
The precise pathobiologic mechanisms for the association between RDW and various cardiovascular diseases are yet to be elucidated, although the potential role of oxidative stress, chronic inflammation and endothelial dysfunction warrants consideration. During their average lifespan of 120 days, red blood cells (RBCs) are exposed to a variety of harmful insults that range from mechanical and oxidative to hyperosmotic stress. 23 They are directly involved in the regulation of reactive oxygen and nitrogen species delivery to peripheral tissue, thereby modulating the cycle of oxidative damage. 24 It has been hypothesized from experimental studies that RBCs have free radical scavenging (the presence of an abundant amount of powerful anti-oxidant enzymes which help control oxidative stress under normal physiological conditions) and pro-oxidant (redox imbalance in RBCs resulting from overwhelming oxidative damage and inflammation in pathological tissues which alters and overcomes the anti-oxidant mechanisms and, therefore, RBCs function as pro-oxidant cells modifying and regulating distant vascular beds and endothelial function) and signaling properties (oxidative stress causing alteration in RBC membrane properties and the interaction among RBCs and between RBCs and other cells which leads to perpetuation of oxidative damage). 25, 26 Oxidative stress can lead to cytoskeleton rearrangement and loss of lipid asymmetry in RBC membranes leading RBCs to become more rigid and asymmetric in size -'anisocytosis'. 27 It has been shown that 'oxidized RBCs' have higher aggregability and adhesiveness to the endothelial tissue leading to a vicious cycle of oxidative damage-induced endothelial dysfunction. 28 In this context, we observed an independent association between RDW and microalbuminuria -a well-established marker of generalized endothelial dysfunction in the general US population free of prior history of CV disease. 11 Similarly, in the current study, we again noted that the proportion of participants with microalbuminuria increased significantly with higher RDW quartiles (19% in Q1 vs 36% in Q4; p for trend < 0.001). The association of higher RDW with markers of oxidative stress, 10 endothelial dysfunction 11 and chronic inflammation 9 underscore the importance of RDW as a real-time integrative biomarker of generalized atherosclerotic burden. In this context, the incremental association of higher RDW with a higher risk of PAD found in our study emphasizes the clinical relevance of this biomarker. Whether RDW has a differential association with pathophysiological processes going on in different vascular beds, is a subject of future research.
RDW and ACC/AHA screening guidelines for a high-risk population
According to the current ACC/AHA guidelines, it is deemed appropriate to consider measuring the ABI in high-risk subgroups ( Table 1) at risk of PAD. 18 Although the current recommendations are based on epidemiological studies only, to date no prior study has analyzed the predictive utility of these screening criteria in the general population, especially one representing a multi-ethnic US general population. As our analysis revealed RDW to have an independent predictive value beyond the established ACC/AHA-defined screening criteria, we further attempted to explore the incremental value of RDW over these criteria. We observed a significant improvement in the predictive accuracy of currently recommended screening criteria with the addition of RDW (values > 13) for the identification of individuals with PAD (Table 1 ). Since RDW is readily available as part of the routine complete blood count, and is easily reproducible and cost-effective, it could be potentially utilized alongside recommended screening criteria to finesse PAD risk prediction.
Our study suffers from the inherent limitations of a cross-sectional analysis, restricting our efforts to evaluation of prevalent rather than incident PAD. Further studies with a prospective follow-up will be needed to examine the temporal relationship between RDW with incident PAD. The observed weaker association between RDW and PAD in patients with renal impairment appears to be secondary to the relatively small sample and event size in that subgroup. This database also lacked serial measurements of RDW, which might have provided further insight into its association with PAD severity. Misclassification of PAD may also have occurred, as NHANES did not follow current recommended guidelines for ABI measurements. 18 However, prior studies utilizing ABI measurements from this database have contributed critical information leading to significant advances in the understanding of PAD. [29] [30] [31] We lacked data on cardiovascular mortality and thus were unable to explore the effect modification of RDW, if any, on the association between PAD and cardiovascular outcomes. Additionally, the cross-sectional nature of NHANES precludes conclusions about direction or causality of associations observed in the present study. Despite these limitations, our study does have the strengths of a large, multi-ethnic sample of nationally representative individuals, in addition to a wide array of data collected by standardized protocols adhering to rigorous quality control. Pending additional research, our findings should be viewed as preliminary and serve as a basis for future studies evaluating the causal and temporal relationships between RDW, PAD and cardiovascular outcomes.
Conclusion
Our novel observations suggest a strong and independent relationship between RDW with PAD. These findings are particularly noteworthy, as RDW appears to be an emerging, cost-effective biomarker, which could potentially help optimize the predictive accuracy of the ACC/AHA currently recommended screening guidelines aimed at identifying individuals at risk for PAD.
